. Fimbria-fornix lesions compromise the induction of long-term potentiation at the Schaffer collateral-CA1 synapse in the rat in vivo. J Neurophysiol 93: 3001-3006, 2005; doi:10.1152/ jn.00546.2004. Although bilateral fimbria-fornix (FF) lesioning impairs spatial performance in animals, the literature is equivocal regarding its effects on hippocampal long-term potentiation (LTP). We examined the effects of FF lesioning on LTP induction in the Schaffer collateral-CA1 pathway in vivo with a protocol that delivered theta burst stimulation (TBS) trains of increasing length until a sufficient length was reached to induce LTP of the monosynaptic field excitatory postsynaptic potential (fEPSP). Experiments were performed in urethan-anesthetized Long-Evans rats either 4 or 12-16 wk after lesioning. In sham-operated controls, TBS trains ranging from 4 to 12 bursts were sufficient to induce robust LTP [170 Ϯ 10% (mean Ϯ SF) of control fEPSP slope; n ϭ 8]. Four-week post -FF-lesioned animals also displayed clear LTP (167 Ϯ 12% of control fEPSP slope; n ϭ 4) that did not differ from the shams (P Ͼ 0.05). In contrast, animals in the 12-to 16-wk post-lesion group showed a highly significant deficit in LTP induction (95 Ϯ 3% of control fEPSP slope; n ϭ 8; Յ28 burst TBS trains tested; P Ͻ 0.001 vs. sham-and 4-wk post-FF-lesion groups). Other quantitative measures of synaptic excitability (i.e., baseline fEPSP slope and input-output relation) did not differ between the sham-and the 12-to 16-wk post-FF-lesion groups. These results indicate that the FF lesion leads to an enduring defect in hippocampal long-term synaptic plasticity that may relate mechanistically to the cognitive deficits characterized in this model.
I N T R O D U C T I O N
The fimbria-fornix (FF) constitutes a major afferent and efferent fiber tract connecting the hippocampus with the diencephalon, forebrain, striatum, and prefrontal cortex (Cassel et al. 1997) . Bilateral FF lesioning in rodents induces profound impairments of spatial learning and memory capabilities persisting for Ն6 mo and is a model that reproduces some features of the cholinergic deficits and cognitive impairments found in Alzheimer's disease (Cassel et al. 1997 (Cassel et al. , 1998 Galani et al. 2002; Jeltsch et al. 1994; Kleschevnikov et al. 1994) . However, the cellular mechanisms underlying the cognitive impairment in FF-lesioned animals have not been established.
Long-term potentiation (LTP), a form of activity-dependent plasticity first demonstrated at hippocampal synapses (Bliss and Lomo 1973) , is the most compelling model for synaptic plasticity underlying learning and memory (Malenka and Nicoll 1999) . Several previous studies have revealed a deficit in LTP induction at perforant pathway-dentate gyrus synapses in rats 1-21 wk after FF lesions under both in vivo and in vitro conditions (Bergado et al. 1996; Buzsáki and Gage 1989; Nakao et al. 2001 Nakao et al. , 2003 Valjakka et al. 1991) , and this deficit may contribute to the cognitive impairment induced by FF lesions (Nakao et al. 2001) . However, more limited information is available about the effect of FF lesions on LTP induction at Schaffer collateral-CA1 synapses. In particular, to our knowledge, there is no information available about the longterm effect of FF lesions on LTP induction in this pathway in vivo. In the present study, we compared LTP induction of the Schaffer collateral-CA1 monosynaptic field excitatory postsynaptic potential (fEPSP) in urethan-anesthetized shamoperated versus FF-lesioned rats at 4-and 12-to 16-wk post-lesion time points.
M E T H O D S
Sham-and FF-lesioned male Long-Evans rats (350 -510 g at the time of recording) served as subjects. Animals were housed in pairs in Plexiglass cages in a ventilated room on a 12:12 light:dark cycle, and fed and watered ad lib. Research procedures performed on animals were approved by the AstraZeneca Institutional Animal Care and Use Committee in accordance with regulations established by the United States Department of Agriculture.
To make bilateral FF lesions, rats were anesthetized with a mixture of ketamine (77-96 mg/kg) and xylazine (4.6 -5.8 mg/kg) administered intramuscularly. A specialized retractable wire knife (Model 120, David Kopf Instruments, Tujunga, CA), which could be opened transiently at the lesion site to minimize cortical damage over the lesion, was lowered under stereotactic guidance through a small burr hole in the skull into each hemisphere of the brain (1.3-2.0 mm posterior, 0.9 -1.3 mm lateral to bregma). The FF was severed over a range of 2.1-5.8 mm deep from cortex surface. Rats recovered for 4 or 12-16 wk after FF lesioning. Sham-operated animals underwent the same surgical procedure with the exception that the knife was not opened to sever the FF. Shams recovered for 12-16 wk after the surgery.
The acute electrophysiological recording procedure was conducted by anesthetizing rats with urethan (50% wt/vol urethan/saline solution; 1.5 g/kg dose ip). Core temperature was maintained at 37°C with a homeothermic heating blanket system (Harvard Apparatus, Holliston, MA). To record the monosynaptic fEPSP, a tungsten recording electrode (0.5-1.0 M⍀; World Precision Instruments, Sarasota, FL) was positioned under stereotactic guidance in the CA1 stratum radiatum (3.3-3.6 mm posterior, 2.2-2.5 mm lateral to bregma, 1.8 -2.2 mm deep from cortex surface), and a bipolar stainless steel stimulating electrode (World Precision Instruments) was placed in the ipsilateral Schaffer collaterals (3.5-4.0 mm posterior, 3.1-3.5 mm lateral to bregma, ϳ2.5 mm deep form cortex surface). The signal from the recording electrode was amplified through an Axon 2A electrometer (Axon Instruments, Foster City, CA), and low-pass filtered at 2 kHz. Data were digitized at 10 kHz through a Digidata 1200 interface controlled by pClamp 8.01 software (Axon Instruments) and acquired on a computer. Stimulation protocols were also controlled by pClamp 8.01. Single-pulse monophasic test stimulation was applied with a Grass S88 stimulator (Grass Instruments, Quincy, MA) at 0.033 Hz, and electrode positions adjusted to maximize amplitude of the fEPSP. An input-output (I/O) relationship ranging from subthreshold to maximal response was established. Preparations with maximal fEPSP amplitude Ͻ2 mV were rejected. Before commencing the protocol to evaluate LTP of the fEPSP, the spontaneous hippocampal electroencephalogram (EEG) was recorded (low-pass filter: 100 Hz) continually for a 2-min interval for off-line evaluation in the frequency domain. Stimulation at an intensity eliciting ϳ45% of maximal test fEPSP response was then applied continually (0.017 Hz) prior to and after delivery of theta burst stimulation (TBS) conditioning trains (4-pulse, 200-Hz bursts; burst frequency of 0.2 Hz) to induce LTP, defined as increased fEPSP amplitude/initial slope by Ͼ10% for Ͼ45 min after the TBS train. Four bursts were given in the initial TBS train. If the post-train test fEPSP amplitude recovered to control level within 15-45 min, a subsequent TBS train incremented in length by an additional four bursts was delivered, and effects on the test fEPSP were evaluated. This conditioning-test cycle continued until LTP was established or until a maximum 28-burst train length was reached without successful LTP induction. If an enhanced fEPSP was established, it was monitored for Ն55 min. Using this conditioning-test procedure, TBS trains Յ12 bursts always were found to comprise a sufficient stimulus to induce robust LTP in sham-operated animals tested. Thus 12 bursts was the longest train length applied to shamoperated animals (see RESULTS) .
Off-line data analysis was performed using pClamp 8.01. A Fourier transform was applied to EEG samples. The linear phase (ϳ10 -80%) of the initial rising slope of each fEPSP was quantified by linear regression. The averaged slope of the fEPSP for the 45-55 min post-TBS interval was normalized to the mean control fEPSP in the 10-min interval just prior to the successful TBS train to compare across animals the extent of LTP achieved. In animals in which LTP was not achieved by the longest TBS train attempted of 28 bursts, the averaged slope of the fEPSP for the 5-15 min after the delivery of the 28-burst TBS was normalized to the control fEPSP in the 10-min interval just prior to the delivery of the initial 4-burst TBS train for statistical comparisons. Average values are expressed as means Ϯ SE, with n equal to the number of animals studied. Data were statistically compared using the Student's t-test or ANOVA as noted. All FF lesions were verified histochemically after the electrophysiological recording. Brains were drop fixed in 10% formaldehyde immediately after the conclusion of the electrophysiology experiment, cyrosectioned, and stained with thionine. Animals included in this study had bilateral complete lesions of the fornix fiber bundle (Fig. 1A) without notable damage to collateral structures. R E S U L T S As exemplified in Fig. 1B , the spontaneous hippocampal EEG from FF-lesioned animals appeared notably desynchronized relative to the EEG from sham-operated animals, which was often predominated by high-amplitude theta rhythm under urethan anesthesia. Theta rhythm was virtually absent in the EEG from FF-lesioned animals. Fourier analysis of a random 2-min sample of the spontaneous EEG confirmed significantly lower peak power in the 2-to 12-Hz frequency range defined for theta rhythm ( Fig. 1C ; Student's t-test, P Ͻ 0.05; n ϭ 8 animals for each treatment) in 12-to 16-wk post-FF-lesion versus sham-operated animals. A similar deficit in theta rhythm was observed in four animals tested 4 wk after the FF lesion.
The ability of TBS trains to induce LTP of the fEPSP slope in sham-and FF-lesioned animals was examined (Fig. 2) . Figure 2A shows a representative experiment plotting the test fEPSP slope over time before and after TBS in a shamoperated animal. Delivery of a four-burst TBS train produced an immediate and substantial increase in the fEPSP slope. The potentiated fEPSP did not decay for the remainder of the 55-min monitoring period, satisfying arbitrarily defined LTP. All eight sham-operated animals showed a similar robust and lasting increase in the fEPSP slope that achieved criteria for LTP, after TBS trains of Յ12 bursts (Fig. 2C) . The grand mean of normalized post-TBS to pre-TBS fEPSP slopes from the eight animals was 170 Ϯ 10%. Like the sham-operated animals, all four animals tested in the 4-wk post-FF-lesion group showed a robust and lasting increase in the fEPSP slope that achieved criteria for LTP after TBS trains of Յ12 bursts. The grand mean of normalized post-TBS to pre-TBS fEPSP slopes from the four animals was 167 Ϯ 12%. In marked contrast to the sham and 4-wk post-lesion treatment groups, however, the same LTP induction protocol using up to a maximal 28-burst TBS train failed to increase the fEPSP slope in any of eight animals tested 12-16 wk after the FF lesion. The grand mean of normalized post-TBS to pre-TBS fEPSP slopes from the eight animals was 95 Ϯ 3%. Figure 2B exemplifies this apparent lack of effect of TBS trains on fEPSP slope over the time course of a typical experiment in a FF-lesioned animal 14 wk after lesioning, and Fig. 2C summarizes this apparent lack of effect of TBS trains on fEPSP slope in the eight FF-lesioned animals tested and its marked difference with the sham-operated group. Statistical comparison of the mean data among the sham-and two FF-lesioned animal treatment groups revealed a highly significant main effect ( Fig. 2D ; ANOVA, P Ͻ 0.0001). Tukey's multiple comparison test indicated that the 12-to 16-wk post-lesion group differed significantly from both the sham (P Ͻ 0.001) and 4-wk post-lesion (P Ͻ 0.001) groups. Thus FF lesioning appears to promote the time-dependent development of a severe deficit in the ability for the Schaffer-CA1 synapse to express this form of neuronal plasticity.
To further investigate the basis for the deficit in LTP induction in 12-to 16-wk post-FF-lesioned animals, the Schaffer collateral evoked stratum radiatum fEPSP was compared quantitatively with sham-operated animals (Fig. 3) . As exemplified in Fig. 3, A and B, single-pulse stimulation at incremented intensities between 0.1 and 0.5 mA produced fEPSPs with similar waveforms and magnitudes in a sham-and a 12-to 16-wk post-FF-lesioned rat. Data from all animals tested confirmed the lack of a significant difference in the I/O relation between sham-and 12-to 16-wk post-FF-lesioned rats (Fig.  3C , 2-way ANOVA, P Ͼ 0.05; n ϭ 8 animals for each treatment). In addition, the actual range of stimulus intensities used to construct these threshold to maximal fEPSP curves did not differ significantly between sham-and 12-to 16-wk post-FF-lesioned animals (2-way ANOVA, P Ͼ 0.05; n ϭ 8 for each treatment; data not shown). For instance, the threshold stimulus intensity was 0.15 Ϯ 0.03 mA for sham-versus 0.14 Ϯ 0.02 mA for FF-lesioned animals (P Ͼ 0.05). Moreover, the baseline fEPSP slope 10 min prior to delivering the four burst TBS train did not differ significantly between sham- 
D I S C U S S I O N
Bilateral FF lesioning is well established to compromise spatial performance in animals, and this impairment can last Յ6 mo after the surgery (Cassel et al. 1997 (Cassel et al. , 1998 Galani et al. 2002; Jeltsch et al. 1994; Kleschevnikov et al. 1994) . To address the cellular mechanism of the FF lesion-induced cognitive impairment, several studies have previously evaluated the effect of FF lesions on the induction of LTP, a proposed neural substrate for learning and memory processes, primarily in two regions of hippocampus, the dentate gyrus and CA1. At perforant path-dentate gyrus synapses, the FF lesion has been associated with a deficit in LTP induction of both the population spike (Buzaski and Gage 1989; Czéh et al. 1990; Valjakka et al. 1991) and fEPSP (Bergado et al. 1996; Nakao et al. 2001 Nakao et al. , 2003 in rats 1 to 21 wk after the surgery. All of these studies employed in vivo preparations with the exception of the Czéh et al. (1990) study, which was performed in brain slices. By contrast, FF lesions have been reported to not measurably affect LTP induction at the Schaffer collateral-CA1 synapse (Czéh et al. 1990; Nakao et al. 2001 ). In the Czéh et al. (1990) study, LTP of the CA1 population spike was recorded from rat brain slices 1-8 wk after aspirative lesions of FF. The interpretational limitation to this experiment is the potential for aberrant physiology introduced by the in vitro brain slice isolation and maintenance. However, the more recent Nakao et al. (2001) study was performed in anesthetized rats 2 wk after FF lesions, which abrogates this potential artifact.
The negative results reported for the FF lesion on CA1 LTP in prior studies versus the striking deficit we have found here for LTP induction in CA1 of FF-lesioned animals is intriguing. The most obvious difference between the study protocols resides in the length of the post lesioning recovery period prior to the electrophysiological evaluation: 12-16 wk in the present study versus a maximum of 2 (in vivo) (Nakao et al. 2001 ) to 8 (in vitro) (Czéh et al. 1990 ) weeks in the collective prior studies. In the present study, we likewise observed a lack of FIG. 2. Effect of FF lesioning on the induction of Schaffer collateral-CA1 LTP. A: graph plotting the field excitatory postsynaptic potential (fEPSP) slope over a time course before and after theta burst stimulation (TBS) in a representative experiment from a sham-operated rat. 1, the time of TBS train delivery. Inset: the representative records of the CA1 fEPSP evoked by single-pulse stimulation from the same rat before and 15 min after TBS. B: graph plotting the fEPSP slope over a time course before and after TBS in an experiment from a rat 14 wk after the FF lesion. 1, times of TBS train delivery of the designated number of bursts. Inset: the representative records of the CA1 fEPSP evoked by single-pulse stimulation from the same rat before and after TBS (8 bursts). In A and B, the fEPSP slope was normalized to the mean control fEPSP slope (100%) in the 10-min interval just prior to the delivery of the initial 4 burst TBS train. C: graph plotting the mean normalized fEPSP slope over a time course before and after TBS in 8 sham (E)-and 8 FF-lesioned (F) rats. Data from each experiment were aligned (0 time point) at delivery of the threshold intensity TBS train producing LTP for the sham-operated group or the initial 4 burst TBS train for the FF-lesioned group. In sham-operated animals, the fEPSP slope was normalized to the mean control fEPSP in the 10-min interval just prior to the successful TBS train, and in FF-lesioned animals, the fEPSP slope was normalized to the control fEPSP in the 10-min interval just prior to the delivery of the initial 4 burst TBS train. D: bar graph comparing means from 8 sham-, 4 4-wk post-, and 8 12-to 16-wk post-FF-lesion treatment groups with respect to the percent LTP of the fEPSP induced by the TBS protocol at highest burst number attempted. **P Ͻ 0.001 vs. sham-or FF-lesioned rats 4 wk after the surgery (1-way ANOVA). In sham-operated animals, the averaged slope of the fEPSP for the 45-to 55-min post-TBS interval was normalized to the mean control fEPSP in the 10-min interval just prior to the successful TBS train. In FF-lesioned animals, the averaged slope of the fEPSP for the 5-15 min after the delivery of the 28 burst TBS was normalized to the control fEPSP in the 10-min interval just prior to the delivery of the initial 4-burst TBS train for statistical comparisons.
effect on LTP induction in animals 4 wk after the FF lesion. Thus our observations align well with the previous studies but also extend these findings by establishing that the onset of a profound deficit in synaptic plasticity appears in CA1 of FF-lesioned rats at some point between 4 and 12 wk postlesioning. This time-dependent CA1 LTP deficit in FF-lesioned rats could be hypothesized to result from compensatory reorganization of hippocampal circuitry occurring after the lesion. Prior studies support a protracted time course for reactional sprouting responses after the FF lesion; several weeks to a few months have been observed to elapse before significant neurochemical effects can be detected (Cassel et al. 1997) . Circumstantially, this is in line with the time course of functional changes in plasticity that we have observed here.
The effectiveness of the FF lesion was confirmed both histologically ( Fig. 1) and functionally measured as a loss of theta rhythm in lesioned rats. A predominant feature of the hippocampal EEG is rhythmical slow activity (RSA or theta). In the present study, as expected, FF lesions significantly reduced the theta rhythm slow wave frequency component (2-to 12-Hz peak) in the hippocampal EEG power spectrum. Previous reports have clearly documented that complete FF lesioning markedly attenuates the hippocampal RSA in both anesthetized (M'Harzi and Monmaur 1985) and freely moving (Buzsaki et al. 1987) animals, primarily by disrupting the cholinergic septo-hippocampal pathway (Vanderwolf and Robinson 1981) .
The present study does not specifically address the mechanisms underlying the deficit in LTP induction. Although the cognitive impairment in FF-lesioned animals has been proposed to result mainly from an interruption of medial septal to hippocampal cholinergic innervation (Cassel et al. 1997) , decreased acetylcholine esterase (AChE) activity has not been correlated definitively to LTP deficits in the hippocampus. For instance, LTP induction of the fEPSP was intact in CA1 but not in the dentate gyrus when AChE activity was markedly reduced in both areas by the FF lesion (Nakao et al. 2001 ). In addition, in the dentate gyrus, a massive decrease of AChE activity was detected in both medial and lateral perforant paths but LTP was only compromised in the medial perforant path (Nakao et al. 2003) . Moreover, CA1 LTP was not altered 2-8 wk after complete and selective cholinergic denervation of the hippocampus with the cholinergic neurotoxin, 192 IgG-saporin (Jouvenceau et al. 1996) . The FF track also contains serotonergic, noradrenergic, and GABAergic afferent fibers. Disruption of these fibers, and the compensatory sprouting of serotonergic or noradrenergic fibers after FF lesions may also contribute to the FF lesion-induced cognitive deficit (Cassel et al. 1997) and presumably the LTP impairment in the hippocampus that we observed. The impairment in LTP observed in the present study could alternatively be hypothesized to result from hippocampal neurodegeneration after the FF lesion. However, the lack of a quantitative difference between sham-and FFlesioned animals in the baseline fEPSP slope and in the I/O function of the CA1 fEPSP slope elicited by graded Schaffer collateral stimulation in the present study implies that the lesion did not induce a dramatic perturbation in basal synaptic function in this pathway, which is not consistent with this possibility.
The present study provides the first evidence of a clear time-dependent deficit in long-term synaptic plasticity at the Schaffer CA1 synapse after FF lesions. This may represent a cellular-synaptic functional substrate for cognitive impairments that have been documented in this lesion model. Further studies will be required to test possible hypotheses toward developing a mechanistic understanding of this deficit. FIG. 3. The stratum radiatum fEPSP input/output (I/O) function elicited by graded Schaffer collateral stimulation in sham-and FF-lesioned animals 12-16 weeks after surgeries. A: representative records of the CA1 fEPSP evoked by single-pulse stimulation at incremented intensities indicated in a sham-operated rat. B: representative records of the CA1 fEPSP analogous to A obtained from a FF-lesioned rat. In A and B, the stimulation was delivered at 2 (initial negative deflections are stimulus artifact). C: averaged I/O curves of the Schaffer collateral-CA1 fEPSP slope from 8 sham (E)-and 8 FF-lesioned (F) rats. Slopes from 3 consecutively obtained fEPSPs were averaged, yielding mean Ϯ SE 3-min samples. The x-axis stimulus intensity was obtained by normalizing values between 0 (threshold intensity for fEPSP) and 1 (intensity evoking maximal fEPSP) in each experiment. The I/O function did not differ significantly between sham-and FF-lesioned groups (2-way ANOVA, P Ͼ 0.05).
